To establish the accuracy of virtual hepatic resection using three-dimensional (3D) models constructed from computed tomography angioportography (CTAP) images in determining the liver volume (LV) resected during resectional liver surgery.
Objective
To establish the accuracy of virtual hepatic resection using three-dimensional (3D) models constructed from computed tomography angioportography (CTAP) images in determining the liver volume (LV) resected during resectional liver surgery.
Summary Background Data
The ability to measure LV before surgery could be useful in determining the extent and nature of hepatic resection. Accurate assessment of LV and an estimate of liver function may also allow prediction of postoperative liver failure in patients undergoing resection, assist in volume-enhancing embolization procedures, help with the planning of staged hepatic resection for bilobar disease, and aid in selection of living-related liver donors.
Methods
A retrospective study was conducted involving 27 patients scheduled for liver resection. Using mapping technology, 3D models were constructed from helical CTAP images. From these 3D models, tumor volume, total LV, and functional LV were calculated and were compared with body weight. The 3D liver models were subjected to a virtual hepatectomy along established anatomical planes, and the resected LV was calculated. The resected volume predicted by radiologists (unaware of the actual weight) was compared with the specimen weight measured after actual surgical resection.
Results
A significant correlation was found between body weight and functional LV but not total LV. The computer prediction of resected LV after virtual hepatectomy of 3D models compared well with resected liver weight.
Conclusion
Virtual hepatectomy of 3D CTAP reconstructed images provides an accurate prediction of liver mass removed during subsequent hepatic resection. The authors intend to combine this technology with an assessment of liver function to attempt to predict patients at risk for liver failure after hepatic resection.
Liver resection offers a potential cure for patients with certain secondary tumors such as colorectal cancer and for primary hepatocellular carcinoma. 1 One potentially serious and limiting complication of liver resection is acute liver failure from inadequate functional residual liver tissue after tumor resection. It has been estimated that a postoperative residual liver volume of 35% with good function is associated with a low risk of liver failure. 2 However, in a patient with impaired liver function, smaller resections may be hazardous. There are several techniques for functional assessment of liver capacity that measure drug excretion (e.g., lidocaine 3 clearance or its metabolite monoethylglycinexylidine 4 ) or dye excretion (indocyanine green). 5, 6 Most of these techniques have been developed to assess liver function in patients with chronic liver disease, and as such they consider whole liver function. In the patient in whom liver resection is contemplated, it is useful to combine a functional assessment with an estimate of liver volume. Assessment of liver volume (LV) has in the past relied largely on guesswork or planimetry of computed tomography images. 7 Both of these techniques are liable to considerable error, and their usefulness may therefore be questioned. The ability to measure not only total LV before surgery but also the amount of tissue to be resected and therefore, by subtraction, the residual LV could be useful in determining the extent of hepatic resection. Further, the combination of accurate LV assessment with an accurate estimate of liver function could allow prediction of postoperative liver failure in patients undergoing resection, 7 assist in volumeenhancing embolization procedures, 8, 9 help with the planning of staged hepatic resection for bilobar disease, and aid in the selection of living liver donors. 10, 11 Technology now allows three-dimensional (3D) modeling of the liver based on computed tomography images. [12] [13] [14] Such techniques not only permit detailed reconstruction of the vascular and biliary anatomy of the liver but also offer the potential to measure LV. The aim of the present study was to establish the accuracy of virtual hepatic resection using 3D computed tomography angioportography (CTAP) models in determining the LV resected in the planning of resectional liver surgery.
METHODS

Patients
The study involved 27 patients scheduled for resectional liver surgery. Patient weight, height, preoperative liver function, prothrombin ratio, and albumin, aspartate aminotransferase, bilirubin, gamma-glutamyl transferase, and alkaline phosphatase levels were documented. Patients underwent CTAP as part of their routine preoperative assessment. No patient had any comorbid condition that made liver resection unsafe, and all gave written informed consent. The selection and technique of hepatic resection were described previously. 15 Briefly, surgery for liver tumor was based on segment-oriented anatomical resection. With the anesthetist maintaining a low central venous pressure (3-5 cmH 2 O), liver transection was performed using a Cavitron Ultrasonic Surgical Aspirator (CUSA System 200 Macrodissector, Cavitron Surgical Systems, Stamford, CT) without the need for extrahepatic vascular occlusion. The resected liver surface was hemostatically sealed using argon beam coagulation (Force GSU System, Valleylab, Boulder, CO).
Computed Tomography Angioportography
Computed tomography angioportography provides information about the number and size of liver lesions and also gives an excellent display of portal vein branches and hepatic veins, facilitating the segmental localization of the lesions. The intense parenchymal enhancement, together with the demonstration of venous anatomy, aids in the volumetric assessment of the liver, its segmental arrangement, and any intrahepatic lesions (Fig. 1) .
The CTAPs were performed with an angiographic catheter placed in the superior mesenteric (or splenic) artery. Spiral CT images were obtained using the GE Hispeed Advantage scanner (Milwaukee, WI). Precontrast images were obtained and reconstructed at 10-mm intervals, followed by a dual-phase contrast study. The scanning parameters used for the contrast examination were collimation 7 ϫ 7 mm, pitch 1.2:120 kV, and 120 mA. Approximately 100 mL dilute contrast (Niopam 300, Merck Pharmaceuticals, West Drayton, UK) diluted in a 60:40 mix with saline was injected. The automated Smartprep facility (GE) was used to trigger the initial phase, and the region of interest icon was placed on the portal vein. The two contrast phases were separated by a delay of 15 seconds.
Construction of 3D Liver Models and Calculation of Liver Volume
Volumetric studies were carried out using the commercially available software (GE Advantage Windows) 3D analysis package. The axial data obtained during CT portography were used for volumetric reconstruction; a technique previously described by Soyer et al, 14 with minor modification. A set of 7-mm-thick sections was used. The outline of each section was traced manually. The trace excluded the gallbladder and the retrohepatic cava but included the intrahepatic biliary and vascular structures. The computer stacked the data from each section, allowing 3D volumetric reconstructions and measurements to be obtained. For the purposes of this study, the volumetric data of the entire liver, the functional liver (total LV minus tumor volume), and the volume of the potential residual liver were calculated in each patient. The virtual hepatic resections were performed using the anatomical boundaries of the liver capsule and the venous structures mimicking the proposed resection margins. The 3D liver models were then subjected to a virtual hepatic resection along established anatomical planes based on information given by the surgical team on the intended surgical resection. For example, a right hepatectomy would be simulated by virtual resection of the 3D liver model along a plane passing immediately to the right of the middle hepatic vein and extending directly to the inferior vena cava. The resected LV and the amount of residual functional liver tissue were then calculated. The resected volume predicted by radiologists (unaware of the actual weight of the liver resection specimen) was compared with the specimen weight measured on spring balance scales after actual surgical resection. It was assumed that 1 g liver tissue had a volume of 1 mL.
RESULTS
Patient characteristics are shown in Table 1 . The study population included 27 patients of median age 68 years. Twenty-five patients had colorectal hepatic metastases, one had hepatic metastases from an appendiceal carcinoma, and one had benign focal nodular hyperplasia. All patients had normal preoperative synthetic liver function, as assessed by the prothrombin ratio and serum albumin concentration, and 
Liver Volumes and Association With Body Habitus
The predicted LVs measured from 3D reconstructions of helical CTAP images are shown in Table 2 . The total LV calculated on the basis of 3D CTAP models did not correlate well with body weight (R 2 ϭ 0.33, P Ͻ .01). The tumor accounted for 0.2% to 49.6% of the estimated total LV. The volume of the tumor was subtracted from the total LV to give the functional LV. There was a significant correlation between functional LV and body weight (R 2 ϭ 0.66, P Ͻ .0001) (Fig. 2) . Poor correlations were obtained between functional LV and height (R 2 ϭ 0.33, P Ͻ .005) and body mass index (R 2 ϭ 0.21, P Ͻ .05).
Predicted Volume and Actual Weight of Resected Specimens
The median volume of liver to be resected, predicted by virtual hepatic resection of 3D CTAP models, was 942 mL (range 33-1,731). This correlated closely with the actual resected specimen weight of 859 g (median; range 34 -1,520) (R 2 ϭ 0.94, P Ͻ .0001) (Fig. 3) . In most instances (24/27), the predicted volume exceeded the actual weight of the resection specimen. The mean difference in estimations was 90 mL, and this error was proportional to the magnitude of the liver resection. The residual LV varied from 247 to 1,093 mL, and this represented 24% to 97% of functional liver tissue.
Postoperative Liver Function and Residual Functional Liver Volume
Although all patients had normal preoperative liver function, four had some evidence of postoperative hepatic insufficiency. Two patients had periods of maximal grade I encephalopathy; one also had mild ascites. Another patient had grade II encephalopathy and mild ascites. The final patient had coagulopathy, sepsis, and acute liver failure and died within 48 hours of undergoing hepatic resection. The residual LV as a percentage of the functional LV in these patients was 24.4% to 55.1%. Although the patient who died had the lowest residual LV as a percentage of preoperative functional LV, there were patients who had no evidence of liver failure with similar residual LVs (Fig. 4 ).
DISCUSSION
In this study, we evaluated the ability of a technique based on 3D models of helical CTAP images to measure LV in patients undergoing classical hepatic resection for liver tumors. It was considered useful to assess patients with presumed normal preoperative liver function and who were undergoing major hepatic resection to establish the amount of functioning liver that can be removed without major compromise to liver function. This is an important prelude to studies on patients with marginal synthetic function or on patients undergoing nonstandard hepatic resections. We found a positive correlation between functional LV and body weight but no correlation with total LV. This observation might be expected, given the extent of hepatic replacement by large tumors that clearly would not contribute to functional LV. The ability of this technique to measure functional LV by subtraction of tumor volume is a useful tool and if combined with a measurement of liver function would permit calculation of liver function per gram of liver tissue. The accuracy of volume estimation based on 3D reconstruction is demonstrated by the strong correlation between actual resected specimen weight and the predicted resected volume based on virtual hepatic resection of 3D models (see Fig. 3 ). Although the vast majority of the surgical procedures were classic hepatic resections, the correlation between actual and predicted resected volume suggests that virtual hepatic resection would be equally applicable to smaller segmentally based resections. We found a systematic overestimation of liver volume by a mean of 90 mL. The most likely explanation for this is that the CTAP 3D models are based on a perfused liver, whereas the actual weight of the specimen was recorded in a nonperfused state. The fact that the error increased with the magnitude of resection is in keeping with this hypothesis.
Heymsfield et al 16 were first to describe the method of hepatic volumetry using cadavers. They found that radiographic volume and mass agreed with actual volume and mass within 3% to 5%, confirming the accuracy of this method. Henderson et al 17 subsequently confirmed the accuracy of the technique in vivo in 1981, and since then it has been used in the fields of liver resection and transplantation. Soyer et al 14 described the technique of 3D volumetry using CTAP, with the increased hepatic contrast improving the definition of venous structures and organ contour. They used sections 10 mm thick for 3D reconstructions. The technique of volume measurement in the present study used sections 7 mm thick. Thin-section scans minimize volume averaging and are the preferred method for evaluating fine structures. Because the partial volume effect is greatest where objects to be measured are less than the slice thickness, in hepatic volumetry the partial volume effect will have greatest impact at the end sections, which may be less than the slice thickness. This may lead to an over-or underestimation of volume.
In addition, the use of the ultrasonic aspirator to transect the hepatic parenchyma may have contributed to a small loss of liver tissue from the resected liver. Similarly, the plane of dissection followed by the surgeon is considerably thicker than the virtual cutting plane; this again may have contributed to the volume overestimation.
Water displacement is an alternative technique that could have been used to measure tissue volume. Given that the relative density of liver tissue and water approximate 1 g/mL, we believe that for the purposes of the present study, weighing of resected specimens was a reasonable approach. The relative densities of the various cells in the liver vary: adipocytes (1.04 g/mL), endothelial cells (1.06 g/mL), Kupffer cells (1.065 g/mL), cholangiocytes (1.09 g/mL), and hepatocytes (1.11 g/mL). 18 It has been previously reported that after hepatic resection, patients with a functional LV of 35% or more are at low risk for postoperative liver failure. Four patients in the present study had evidence of hepatic insufficiency, but their residual LVs were not all in this high-risk category. This suggests that the ideal predictive tool for assessing the risk of postoperative liver failure would be accurate volume estimation combined with a measurement of liver function, such as lidocaine 4 or indocyanine green 5,6 clearance. We have established an accurate technique for the preoperative Figure 3 . Correlation between the volume of resected liver predicted by three-dimensional computed tomography reconstruction and virtual hepatectomy and the actual weight of resected liver (R 2 ϭ 0.94, P Ͻ .0001).
Figure 4.
Liver tissue remaining as a percentage of preoperative functional liver tissue (total liver volume minus tumor volume) after hepatic resection in patients who had clinical evidence of postoperative liver insufficiency (column 1) and in those with an uncomplicated postoperative course (column 2).
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Estimation of LV by 3D CTAP images is an accurate method that has the additional benefit of permitting calculation and subtraction of tumor volume to allow estimation of functional LV. Further, the ability to subject these 3D models to virtual hepatic resection is a useful adjunct, allowing accurate estimation of liver resection and residual volumes. A further area of clinical practice where this technique might be valuable is in the preoperative assessment of living liver donors. 10, 11 
